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Abstract. Recognition by sperm lysin of the egg vitelline

envelope may be one component in determining the spe-

cies-specificity of fertilization in abalones. The amino acid

sequences of lysin proteins of seven California abalone

species were deduced from the cDNA sequences. This is

the first extensive comparison of a gamete recognition

protein from congeneric species. Each prelysin has a highly

conserved signal peptide of 1 8 amino acids, followed by

a mature sequence of 136-138 residues. Of 136 aligned

positions, 68 have the same amino acid in all seven se-

quences. The % identity relative to the red abalone lysin

sequence is: white 90%, flat 83%, pinto 82%, pink 78%,

black 71%, and green 65%. Hydropathy plots and a dis-

tance tree of the seven lysins show that red, white, and

flat lysins are more closely related to each other than to

the lysins of the other four species. A hypervariable, spe-

cies-specific, domain exists in all sequences between po-

sitions 2-12. Amino acid replacements between any two

lysins are mostly nonconservative. Analysis of the cDNA

sequences shows the number of nonsynonymous substi-

tutions (amino acid altering) exceeds the number of syn-

onymous substitutions (silent) in 20 of the 21 pairwise

comparisons of the seven sequences, indicating that pos-

itive Darwinian selection must promote the divergence

of lysin sequences.

Introduction

A striking feature of fertilization is the species specificity

of sperm-egg interaction in mammals (O'Rand, 1988;

Yanagimachi, 1988a, 1988b; Roldan and Yanagimachi,

1989) and invertebrates (Giudice, 1973; Summers and

Received 25 July 1 99 1 ; accepted 1 1 October 1991.

Abbreviations: Mr, relative molecular mass; VE, vitelline envelopes

of abalone eggs.

Hylander, 1975, 1976; Osanai and Kyozuka, 1982).

Sperm-egg mixtures from the same species usually yield

zygotes more efficiently than cross-species mixtures. Al-

though cross-species hybrid zygotes can be obtained in

mammals and invertebrates, the general observation is

that much higher concentrations of sperm are needed in

the insemination mixture to achieve fertilization. Blocks

to cross-species fertilization can occur at four points in

the process: induction of the sperm acrosome reaction by

components of the egg surface, adhesion of sperm to the

egg envelope, sperm penetration of the egg envelope, and

fusion ofsperm and egg cell membranes. In echinoderms,

the greatest barrier to cross-species fertilization is the fail-

ure ofsperm to adhere to the egg vitelline envelope (Sum-

mers and Hylander, 1975, 1976); in mammals it is the

failure of sperm to adhere to and penetrate the egg zona

pellucida (O'Rand, 1988; Yanagimachi, 1988a,b; Roldan

and Yanagimachi, 1989).

The divergence of gamete recognition proteins may be

important in the establishment of barriers to cross-fertil-

ization between populations. This may be an important

factor in the speciation of marine invertebrates using ex-

ternal fertilization. To learn how species-specific gamete

recognition proteins have diverged during evolution, we

have studied a protein from abalone sperm. Abalones are

marine archeogastropods of the genus Haliotis. Approx-

imately 70 extant species occur on coastlines ofthe world,

eight of them on the Pacific Coast of North America.

Although abalones are members of an ancient group of

gastropods, the genus Haliolis is relatively recent, most

fossils being from the Miocene (5-25 million years; Lind-

berg, 1991).

The abalone egg is contained within a glycoproteina-

ceous vitelline envelope (VE) about 0.6 /im in thickness

(Lewis et a/., 1982). The spermatozoon possesses a rela-

tively enormous acrosome granule (Lewis et ai, 1980;
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Shiroya and Sakai, 1983) containing two abundant pro-

teins of about Mr 18,000 and 16,000 (Lewis et a/., 1982).

During fertilization, the sperm attaches to the egg VE,

the acrosome granule opens, and the two proteins are

secreted. A hole in the VE, 3 ^m in diameter, is created

in seconds, and the sperm passes through it to fuse with

the egg (Lewis et a/., 1982; Sakai et ai, 1982). Partial

amino acid sequence analysis (41 residues of the NH 2
-

terminus) shows that the Mr 1 8,000 protein is not a pre-

cursor of the Mr 16,000 protein (Vacquier, unpubl.).

When the purified Mr 16,000 acrosomal protein (sperm

lysin) is added to eggs, the VE rapidly dissolves by a non-

enzymatic mechanism; VE glycoproteins are not degraded

and no new NH :-termini are formed (Haino-Fukushima,

1974; Lewis et al., 1982;Hoshi, 1985). As previously dis-

cussed (Lewis et al., 1982; Hong and Vacquier, 1986;

Baginski et al., 1990; Vacquier et al., 1990), lysin may

act by competing for hydrogen and hydrophobic bonds

that hold the glycoproteinaceous fibers of the VE together.

The cDNA for pink and red abalone sperm lysins had

been previously cloned and sequenced (Vacquier et al.,

1990). To learn about the evolutionary divergence of

sperm lysin in California abalones, the polymerase chain

reaction was used to generate double stranded cDNA from

five additional species. The analysis of the seven deduced

amino acid sequences of lysin is the first extensive com-

parison of a gamete recognition protein in congeneric

species. We were surprised to find that the divergence of

the lysin sequences is promoted by positive Darwinian

selection.

Materials and Methods

The seven species of abalone used in this study were:

Haliotis corrugata (pink, M34389), H. cracherodii (black,

M5997 1 ), H.fulgens (green, M59972), H. kamtschatkana

(pinto, M59970), H. rufescens (red, M34388), H. sorenseni

(white, M59968), and H. walallensis (flat, M59969). The

GenBank cDNA sequence accession number follows the

common name of each species. The testes of male abalone

were removed and poly A+ RNA isolated as described

(Chomczynski and Sacchi, 1987; Vacquier et al., 1990).

Northern blot analysis with a full length red abalone lysin

cDNA as the probe, revealed a single band of hybridization

of approximately 660 nucleotides in all seven species

(Vacquier et ai, 1990; and unpubl.). Oligonucleotide

primers were synthesized to the 5' end of the previously

reported red and pink cDNA sequences (primer 6; GAA-

CAGATTACAAG^rGAAGCTGT; the italicized ATG

being the initiation codon), and to the complementary

strand of the 3' end of the sequence adjoining the poly A

tail (primer 7; TAGTAAATCTA TTTA 7TCTGGAAT,
the italicized being the complement of the poly A signal

sequence; Vacquier et al., 1990).

Two to ten ^g of poly A+ RNA were used for first

strand synthesis (Frohman, 1990). The RNA was washed

twice in 1 ml 80% ethanol, dried, and dissolved in 7 ^1

water containing 3 n\ of primer 7 (30 pMol). The tube

was heated to 95 C for 5 min and then placed on ice for

10 min, followed by a 5-s centrifugation (a quick spin).

A reaction mixture of 10 /tl was added to the tube [the

10 ^1 contained: 2.5 /ul dNTP mix at 2 mM of each nu-

cleotide; 2.0 n\ 10 X RTC buffer (Frohman, 1990); 1.0 n\

human placenta! RNase inhibitor (Promega, Madison,

Wisconsin); 2.0 n\ MuLV reverse transcriptase (400 units);

and 2.5 j*l water]. This mixture of 20 /u' was incubated

for 1 h at 37C. An additional 1 /tl of MuLV reverse

transcriptase was then added (200 units), and the incu-

bation continued 1 h at 45 C. Following incubation, the

sample was diluted with 2 ml 0. 1 X TE
(

1 mM Tris, 0. 1

mM EDTA, pH 8.0) and concentrated to 50 ^1 with a

Centricon-30 microconcentrator (Amicon Inc., Beverly,

Massachusetts). The redilution in 2 ml 0. 1 X TE and con-

centration to 50-100 n\ was done three times. Sixteen ^1

of this first strand cDNA product was used for the second

strand synthesis.

To each tube of 16 /il was added 33 ^1 of a mixture of

5 n\ PCR buffer (Frohman, 1990), 2.5 (A dimethylsulf-

oxide, 5.0 n\ dNTPs at 2 mA/ each nucleotide, 6.0 jul

primer 7 in water (30 pMol), 6.0 ^1 primer 6 (30 pMol),

and 8.5 n\ water. The 49 n\ volume (in a 0.5 ml tube) was

heated to 95C for 5 min and cooled slowly ( 1 h) to 50C.

After a quick spin, 0.5 ^1 of Taq polymerase was added

(2.5 units, Perkin-Elmer-Cetus, Emeryville, California),

the tube vortexed gently, and 50 //I mineral oil added.

The tube was incubated for 15 min at 37C followed by

40 min at 72C. Amplification of the lysin cDNA was

accomplished in a temperature cycler by 40 cycles of94C
for 1 min, 45C for 1 min, and 72C for 2 min. An ad-

ditional 0.5 n\ of the Taq enzyme was added after the first

20 cycles. Following the last cycle, the temperature was

held at 72C for 15 min. The tubes were cooled to 23C

by a quick spin in a microfuge and 1 .0 ^\ of KJenow

fragment added, and the incubation continued for 30 min

at 23C. Agarose gel electrophoresis of the 50 ^1 reaction

mixture showed the presence of one product of amplifi-

cation of approximately 650 nucleotides.

The amplified double stranded cDNA was purified ei-

ther by three cycles of dilution in 2 ml of 0.1 X TE and

concentration to 50-200 n\ with a Centricon-30, or by

separating the product by electrophoresis in 1% agarose

in 0.5 X TAB (0.04 M Tris acetate, 0.001 M EDTA. pH

8.0). The 650 base pair band was excised from the gel and

the cDNA purified with Prep-A-Gene (Biorad Labora-

tories, Richmond, California). ThecDNA was quantitated

by spectrophotometry and 1 ^g aliquots stored in 100%

ethanol at -20C. For sequencing, 1 ,ug of DNA was

washed twice in 1 ml 80%' ethanol and dried. The DNA
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sites for N-linked glycosylation are found in the mature

lysins. The mature pink abalone lysin is 137 residues,

black abalone lysin is 138, and the lysins of the five other

species are 1 36 residues in length. Of 1 36 aligned positions,

68 (50%) have the same amino acid in all seven species.

The two longest regions of perfect identity are the eight

residues between positions 88-95 and the 1 1 residues be-

tween positions 52-62. There are four occurrences oftwo

contiguous positively charged amino acids in all seven

sequences (positions 47-48, 55-56, 71-72, and 94-95).

The percent identity in amino acid residues for the 21

pairwise comparisons of the seven lysin sequences (Table

I) shows the decrease in similarity progressing from red

lysin to green lysin. Green abalone lysin is equally dissim-

ilar from each of the other six lysins, the percent identity

varying from 63 to 65%. The region of greatest difference

among all seven sequences is the 1 1 residue segment com-

prising positions 2-12 (Fig. 1
).
In this region, no two spe-

cies have the identical sequence. Considerable difference

in charge distribution is seen in this hypervariable seg-

ment. For example, the red, flat, and pinto lysins have a

net charge of + 1 , whereas pink abalone lysin has a net

charge of +6.

Hydropathy plots and branching order

Hydropathy plots of the seven mature lysin sequences

are of value in showing subtle differences throughout the

sequences (Fig. 2). The plots of the hypervariable domain

of positions 2-12 (shaded) are in most cases species-spe-

cific. The upper three plots (red, white, flat) are quite sim-

ilar, all having a large hydrophobic domain between res-

idues 1 5-30. The pinto is clearly different from the top

three, this large hydrophobic domain being reduced and

followed by a hydrophilic domain centered at position

30. The pink lysin has a hydrophilic domain centered at

residue 60 that is more similar in shape to the one in the

black and green lysins than it is to the other four species.

There is a moderately hydrophobic domain at about po-

sition 70 in pink lysin shared with only the black species.

The pinto and green are the only two lysins having a large

Table I

Percent identily ofamino acid residues in 21 pairwise comparisons

in 136 aligned positions ofseven lysins

Species Red White Flat Pinto Pink Black

White

Flat
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Table II

The replacement ofamino acids in mature lysins is nonconservative

Species Red White Flat Pinto Pink Black

White 7,,



102 Y.-H. LEE AND V. D. VACQUIER

and L =
8). Because the occupancy of these 68 positions

is identical in all 7 lysins, we conclude that they are crucial

to lysin's role in fertilization in California abalones.

The hypervariable domain (positions 2-12) is strikingly

similar to the ligand binding domain ofannexin II (Becker

el al, 1990), a membrane and lipid binding protein. An-

nexin II possesses an NH :-terminal 1 2 amino acid segment

(Ac-STVHEILCKLSL) that binds its ligand (pi 1 ). Ligand

binding induces the 12 residues to form a positively

charged amphipathic -helix that becomes buried in p 1 1 .

The important structural features for binding between

annexin II and pi 1 are the hydrophilic residue in position

1 and the hydrophobic side chains at positions 3, 6, 7,

and 10. White abalone lysin has residues with hydrophobic

side chains at positions 3, 6, 7, and 10, and the same

positively charged residues at positions 4 and 9 (His and

Lys) as has annexin II. In red, pink, and pinto lysins, 3

out of 4 residues at positions 3, 6, 7, and 10 have hydro-

phobic side chains. Three ofthe seven lysins are positively

charged at position 4 and six out of seven at position 9.

The binding of lysin to its unknown VE ligand may thus

be similar to the binding of annexin II to pi 1 (Becker el

al., 1990).

Much has been learned about protein-protein recog-

nition by X-ray crystallographic studies of the binding of

proteases with their inhibitor proteins, and the binding

of antibody to antigen (Janin and Chothia, 1990). In the

protease-inhibitor complexes, 10-15 residues of the in-

hibitors make contact with 1 7-29 residues ofthe proteases.

These numbers are consistent with the size of the lysin

hypervariable domain. In antibodies, the antigen binding

sites are disproportionately rich in residues with aromatic

side chains. In the seven lysins, between positions 2-12,

26 residues of a total of 77 (34%) in all 7 sequences have

aromatic side chains, whereas by total amino acid com-

position, only 17% of lysin residues are aromatic. This

adds support to the concept that positions 2-12 in lysin

may be involved in the binding of its VE ligand. We have

not as yet quantitatively determined the ability of lysin

to dissolve egg VEs in all 2 1 pairwise combinations of the

7 species. However, we have demonstrated species spec-

ificity in the cross combinations of red and pink abalone

lysins and egg VEs proteins (Vacquier el al., 1990).

Positive Darwinian selection in lysin divergence

In most cases, when two orthologous proteins are di-

verging, the frequency of synonymous (silent) nucleotide

substitution (Ds) will be greater than that of nonsynon-

ymous (amino acid altering) substitution (Dn). If positive

Darwinian selection is promoting divergence of two pro-

teins, the converse will be true. In positive selection there

is adaptive value to alter the amino acid sequence. Positive

selection has been proven at the molecular level in the

following cases: the class I (Hughes and Nei, 1988; Hughes

el al., 1990) and class II (Hughes and Nei, 1989) major

histocompatibility complex antigens; the VH genes of im-

munoglobulins (Tanaka and Nei, 1989); the circumspo-

rozoite antigen in Plasmodium (Hughes, 1991); human

influenza A virus (Fitch et al., 1991); and the Adh locus

in Drosophila (McDonald and Kreitman, 1991). The

nonconservative nature of amino acid replacements be-

tween lysins (Table II) provided the clue that positive se-

lection might be promoting lysin divergence. Analysis of

lysin cDNA sequences by the method of Nei and Gojobori

(1986; Table III) shows that Dn exceeds Ds in 20 of 21

pairwise comparisons. Among the closely related se-

quences of the red, white, flat, and pinto abalone lysins

(Fig. 3), Dn shows statistically significant higher values

than Ds. Analysis by a similar method (Li et al., 1985)

yielded almost the same results. For example, in com-

parisons of red, white, flat, and pinto lysin sequences, the

average nonsynonymous value was 2.4 times greater than

the synonymous value. The most extreme comparison

was between the red and flat sequences, where the non-

synonymous value was 3.4 times greater than the syn-

onymous value. These data indicate a strong selective ad-

vantage in altering the amino acid sequence of lysin. This

is the first example of positive selection acting on a gamete

recognition protein. With the exception of the Adh locus

in Drosophila, the common attribute abalone lysins share

RED

WHITE

FLAT

-PINTO

PINK

BLACK

11.97 GREEN

Figure 3. Distance tree showing the branching relationships of the

lysin sequences. The root of the tree is placed arbitrarily at the midpoint.

The numbers on the branches represent relative evolutionary distances

(Feng and Doolittle. 1990).
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with the published examples of positive selection is the

involvement in extracellular recognition.

We cannot speculate about what could provide the se-

lective pressure acting on lysin divergence. The demon-

stration of positive selection does not prove that it is a

causative factor responsible for speciation in abalones.

Experimental evidence exists that abalone embryos tend

to settle near their parents (Prince et al, 1987), and that

genetic structure can occur within an abalone species in

two populations separated by three km (Brown, 1991).

Thus, speciation by geographic isolation probably occurs

in abalones. Although the demonstration of positive se-

lection in lysin divergence does not indicate how abalone

populations split into distinct species, the possibility that

it may accompany the speciation process should be con-

sidered. The statistically significant data showing positive

selection (Table III) are between the closely related abalone

species (Fig. 3). This suggests that a high frequency of

nonsynonymous substitution (Dn) accompanies initial

divergence, but Dn decreases as divergence increases. A
similar situation occurs with the class I major histocom-

patibility genes in which Dn is greater in intralocus as

compared to interlocus comparisons (Hughes and Nei,

1988). Thus, the reason that the positive selection data

set is so robust for lysin may be due to the relatively recent

appearance of these closely related species in the fossil

record (20 million years ago; Lindberg, 1991).

One might speculate that positive selection may cause

allelic variation in abalone sperm lysins. However, two

male pink abalones from San Diego, California and six

male red abalones (two from San Nicholas Island, two

from Mendocino, California, and two from San Diego)

yielded identical species-specific cDNA sequences in both

the 462 nucleotide open reading frame and in about 1 50

nucleotides of the 3' untranslated region containing the

poly A signal sequence (Vacquier et al., 1990). San Diego

and Mendocino are separated by roughly 800 km of

coastline, and by Point Conception, an important eco-

logical barrier to larval transport. We tentatively conclude

from these limited numbers of individuals that there is

no major allelic variation in lysin sequences in the red

abalone. The species-specific lysin sequences may thus be

well fixed in the extant California species. As pointed out

by a reviewer, there are currently no models to explain

these data; they represent a genuine mystery for future

research to solve.

In the class I major histocompatibility antigens, the

antigen recognition site exhibits positive selection, but the

different alleles share many conserved structural features

making their homology obvious over tens of millions of

years ofevolution (Hughes and Nei, 1988). Abalone sperm

lysins are similar in that strong homology exists among
all seven lysins, yet 50% of the positions have species-

specific amino acid replacements. Knowing the sequences

of these seven sperm lysins begs the question as to the

nature of sequence variation in the VE ligands that are

the lysin "receptors" of the egg surface. We predict that

these ligands will show the same pattern of variation; that

is, some regions will be conserved in all species, while

others will be hypervariable and species-specific.
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